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Cardioprotection: definition, classification, and
fundamental principles

Wolfgang Kuibler, Markus Haass

Definition
In English, as in German, the word protection
has two meanings: it implies not only "preser-
vation" but also "favouritism" or "patron-
age"-as shown by the word "protegee". Both
definitions may be appropriate when terms,
such as "cardioprotection", "nephroprotec-
tion", or "vasoprotection" are used by market-
ing strategists to describe supposed beneficial
pharmaceutical effects that cannot be ade-
quately documented in clinical conditions.
The term "cardioprotection" is nowadays

mainly used to describe the beneficial effects
of angiotensin converting enzyme (ACE)
inhibitors in patients with impaired left ven-
tricular function. When such a definition is
restricted to a single group of drugs (ACE
inhibitors) and to a single disease (congestive
heart failure) its use is neither precise nor
practical.

Cardioprotection includes "all mechanisms
and means that contribute to the preservation of
the heart by reducing or even preventing myocar-
dial damage". If this definition is accepted then
cardioprotection includes primary and sec-
ondary prevention of coronary heart disease,
cardiosurgical procedures, and thrombolysis in
acute myocardial infarction. Defining "cardio-
protection" as "preservation of the heart" has
also great theoretical implications, because all
adaptive and compensatory mechanisms that
directly or indirectly contribute to myocardial
preservation have to be classified as "cardio-
protective".
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Classification
According to the definition given above car-

dioprotection can be classified as:

* Physiological adaptive and compensatory
mechanisms

* Therapeutic approaches
A further distinction is that between acute

and chronic mechanisms and interventions.
The acute adaptive mechanisms serve mainly
to provide an adequate myocardial energy sup-
ply, whereas the chronic mechanisms compen-
sate for long lasting unfavourable influences-
for example, by structural remodelling.

Physiological adaptive and compensatory
mechanisms
ACUTE MECHANISMS
It is not the aim of this article to provide a

comprehensive list of all the numerous adap-
tive mechanisms operating in the heart. Some
of the fundamental principles that underlie
four main criteria will be discussed:
* Regulation of oxygen supply above the crit-

ical range
* Instantaneous adaptation of metabolic flow

rates to current demands
* High reserve capacity of vitally important

ftunctions
* Multistage control of important protective

and adaptive mechanisms

Regulation of oxygen supply above the critical
range
The working heart depends exclusively on aer-
obic energy production. Myocardial oxygen
reserve is very low-only 0 5 vol % is bound to
myoglobin. Furthermore, even under resting
conditions the heart extracts most of the oxy-
gen provided by the coronary system, as indi-
cated by a coronary venous Po2 of only 20 mm
Hg.1 Because oxygen extraction cannot be
substantially increased sufficient oxygen can
be supplied under conditions of an increased
myocardial workload only if coronary flow
adapts instantaneously to the current
demands. Under physiological conditions this
adaptation occurs at a coronary venous P02 of
approximately 20 mm Hg.1 This value is much
higher than the critical P02 of less than 5 mm
Hg, at which mitochondrial respiration is lim-
ited.23 Not all the steps involved in the local
metabolic regulation of coronary flow are fully
understood, but this adaptive mechanism,
which operates well above the critical Po2 and
almost on a beat-to-beat basis, prevents
myocardial damage with its deleterious conse-
quences even if myocardial workload is
increased dramatically.

Instantaneous adaptation of metabolicflow rates
to current demands
Energy production under altered conditions-
such as ischaemia-should be adapted to as
quickly as possible to avoid transient damage. If
early in the ischaemic process the shift from
aerobic to anaerobic glycolytic energy produc-
tion was achieved only by activation of the ini-
tial step, by the end of the process increased
lactate and ATP production could be achieved
only by increasing activity at every step of the
preceding reactions. Therefore, stimulation of
flow exclusively at the entry reactions-the
hexokinase and phosphorylase reactions-
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would substantially delay anaerobic energy
production so that most anginal attacks would
progress to necrosis and myocardial infarction.
An alternative to this entry controUled path-

way is the multistage controlled pathway, at
which all flow limiting and regulating steps are
activated simultaneously. The principle of
multistage control of the glycolytic pathway
with simultaneous activation of all regulatory
enzymes allows almost instantaneous adjust-
ment of flow to current demands at all steps
with an immediate increase in lactate and ATP
production.4 When ischaemia is initiated, the
breakdown of creatine phosphate is accompa-
nied by an almost instantaneous increase in
myocardial lactate production. This can only
be achieved by multistage control of the gly-
colytic pathway. The mass action ratio of these
regulating (allosteric) enzymes is far from
equilibrium and shows further deviation under
different experimental conditions.5

High reserve capacity of vitally important
functions
Instantaneous adaptation of coronary flow to
actual demands by local metabolic regulation
can work only when oxygen supply by the
coronary system exceeds energy demands even
under extreme conditions of maximal work-
load. In experiments in dogs the metabolic
reserve-determined as the oxygen supply
during maximal coronary vasodilation-
exceeded, by about 100%, the myocardial
energy demands even during simultaneous
maximal pharmacological stimulation of after-
load, heart rate, and contractility.6 Similar
conditions have to be assumed for humans.
How else could Reinhold Messner have
climbed (without oxygen supplementation),
the Nanga Parbat and Everest where the par-
tial oxygen pressure is only 40 mm Hg?

Multistage control of important protective and
adaptive mechanisms
An essential principle is the protection of the
heart against sympathetic over-stimulation
and its deleterious consequences. This protec-
tion is based on several control steps:
* Autoinhibition of exocytotic noradrenaline

release by activation of presynaptic a%-
adrenoceptors via a negative feedback
mechanism7

* Similarly, adenosine formed in the
myocardium inhibits exocytotic noradrena-
line release by stimulating the presynaptic
inhibitory adenosine Al-receptors8

* Reduction of /,-adrenoceptors by internali-
sation, which uncouples the f3,-adrenocep-
tors from the stimulatory Gs-protein and
from the effector enzyme adenylyl-cyclase.9

* Desensitisation of a,-adrenoceptor medi-
ated responses'0

* cAMP-dependent increase in the synthesis
of inhibitory Gi proteins"I 12

* Short periods of myocardial ischaemia
(< 10 min) result in prolonged exposure of
released noradrenaline to neuronal amine
re-uptake (uptake1). Accordingly, rapid
elimination of noradrenaline from the
synaptic cleft via uptake, becomes one of

the major protective mechanisms in early
myocardial ischaemia. '3
After protracted periods of myocardial

ischaemia (> 10 min) none of these protective
mechanisms are operative and pronounced
sympathetic overstimulation results.'4

In addition specific adaptive mechanisms
protect against specially harmful conditions,
such as ischaemia. One of these is ischaemic
preconditioning in which ischaemic tolerance is
increased after short periods of myocardial
ischaemia and reperfusion.15 Ischaemic pre-
conditioning reduced infarct size and ventricu-
lar tachyarrhythmias and preserved myocardial
function. 16

CHRONIC MECHANISMS
Chronic mechanisms compensate for long act-
ing potentially harmful conditions, such as
increased workload or ischaemia. These
chronic compensatory mechanisms, however,
can have unfavourable side effects. Chronic
compensatory mechanisms include activation
of neurohormonal systems, morphological and
functional changes (such as ventricular hyper-
trophy and ventricular dilatation), and meta-
bolic changes-for example, in hibernating
myocardium.

Neurohormonal activation
In patients with moderately impaired left ven-
tricular function increased sympathetic activity
may be beneficial because, it allows adaptation
of heart rate and contractility. With progres-
sion of the cardiac disease, however, sympa-
thetic stimulation becomes detrimental by
increasing peripheral resistance and electrical
instability, and thus increases mortality.'7 In
patients with severe congestive heart failure
the plasma noradrenaline concentration is a
very sensitive indicator of an unfavourable
prognosis: it is more sensitive than the ejection
fraction, for example.'8 Similarly, stimulation
of the renin-angiotensin-system in congestive
heart failure may initially have beneficial
effects but as the disease progresses, its effects
become detrimental.

Left ventricular hypertrophy and left ventricular
dilatation
Left ventricular hypertrophy is, independently
of the underlying cause, a risk factor for life-
threatening ventricular tachyarrhythmias, as
shown in the Framingham study.'9 Left ven-
tricular dilatation with enlarged end systolic
and end diastolic volumes is accompanied by
an almost exponential rise in mortality.20

Both ventricular hypertrophy and dilatation
operate in remodelling after myocardial
infarction: hypertrophy in the non-infarcted
area and dilatation in the infarcted area.2'

Hibernating myocardium
Hibernation is a mechanism to protect against
chronic myocardial ischaemia. It is a reversible
state of impaired myocardial function at rest
that reduces metabolic demands." Although
hibernation may reduce and/or delay cellular
injury and myocardial necrosis in the
ischaemic region of the heart, the loss of con-
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tractile myocytes in the hibernating myo-
cardium increases the load on the residual
normal myocardium.

In contrast to the acute adaptive mecha-
nisms, the chronic compensatory mechanisms,
therefore, evoke not only beneficial cardiopro-
tective effects but also unwanted side effects.
The ratio of favourable cardioprotective effects
to deleterious side effects depends on the acti-
vation of the compensatory mechanism.
Generally, the more a compensatory mecha-
nism is activated the more severe are its delete-
rious consequences.

Therapeutic approaches
Like the physiological adaptive and compen-
satory mechanisms, treatments too can be
acute or chronic.

ACUTE INTERVENTIONS
The major aim of acute interventions is to pre-
vent the loss of functional myocardium and
thus preserve ventricular function. Acute
interventions include the restoration of coro-
nary perfusion by thrombolysis and/or percu-
taneous transluminal angioplasty in acute
myocardial infarction or prosthetic valve
replacement in severe aortic stenosis. Detri-
mental effects result only from unwanted side
effects or complications but not from the treat-
ment itself.

Artificial cardiac arrest during cardiac
surgery is a special form of cardioprotection.
Experimental and clinical data have estab-
lished that cardioplegia has cardioprotective
effects. These include limitation of myocardial
damage, which reduces postoperative mortal-
ity and complications and improves long term

23prognosis.

CHRONIC INTERVENTIONS
Chronic interventions include long term phar-
macotherapy, mainly in patients with conges-
tive heart failure and/or coronary heart disease.

Congestive heart failure
In patients with impaired left ventricular func-
tion ACE inhibitors have been shown not only
to reduce mortality but also to prevent the
transition to severe congestive heart failure.'7
According to the results of Veterans Heart
Failure Trial (V-HeFT) I pure peripheral
vasodilatation produced by the combination of
hydralazine and isosorbide dinitrate signifi-
cantly reduced mortality.24 This positive effect,
however, was more pronounced when ACE
inhibitors were used, as shown in V-HeFT
II.25 The beneficial effect of ACE inhibitors
has, therefore, to be based on additional
mechanisms as well as afterload reduction by
pure peripheral vasodilatation. Pure vasodila-
tors, such as hydralazine, increase sympathetic
activity: ACE inhibitors, however, do not have
this unwanted side effect.26
The results of trials with vasodilating

,B adrenoceptor blockers reinforce the impor-
tance of sympathetic stimulation in congestive
heart failure. In a recent prospective
randomised multicentre trial carvedilol, a

,B adrenoceptor blocker with a adrenoceptor
blocking properties reduced mortality in heart
failure patients who were already being treated
with an ACE inhibitor by 67%. The Data and
Safety Monitoring Board recommended pre-
mature termination of this study.27

Coronary heart disease
The treatment of patients with coronary heart
disease can be evaluated by:
* Improvement of symptoms-that is, relief

of angina
* Reduction of myocardial ischaemia, mainly

based on the reduction of ST segment
depression during stress electrocardiogra-
phy

* Improvement in prognosis-that is, a
reduction in mortality.
Three major classes of anti-ischaemic drugs

are currently used in patients with coronary
heart disease-these are nitrates, calcium
channel blockers, and ,B adrenoceptor block-
ers. Their efficacy in ameliorating symptoms
and reducing the incidence of myocardial
ischaemia is well established. However, they
have different effects on outcome. These have
been reviewed elsewhere.28

There are few studies of nitrates and these
were of small numbers of patients.
Furthermore, some of the studies were evalu-
ated retrospectively. In essence, the data
obtained with nitrates do not convincingly
demonstrate improvement in prognosis.

In theory calcium channel blockers should
have cardioprotective effects. In patients with
unstable angina and with acute myocardial
infarction, however, all studies were negative;
as were studies of nifedipine, diltiazem, and
verapamil. Studies of secondary prevention
during the post-infarction period were also
negative, except for three studies of a sub-
group of patients without signs of heart fail-
ure.28

/3 Adrenoceptors, unlike nitrates and cal-
cium channel blockers, do improve prognosis.
Due to the small number of patients this is
only true with some limitations for patients
with stable angina. An improvement in prog-
nosis, however, was convincingly demon-
strated in patients with unstable angina (as
shown by HINT (Holland Interuniversity
Nifedipine/Metaprolol Trial) and the study by
Yusuf et al), in patients with acute myocardial
infarction (as shown by the International
Study of Infarct Survival 1 study), and in the
postinfarction period (as shown by the
Norwegian Multicenter study and the Beta-
blocker Heart Attack trial).28 There was no
improvement in prognosis, however, when /3
adrenoceptor blockers with intrinsic sympa-
thetic activity were used-for example, in the
European infarct study with oxprenolol.28
The different effects of ,3 adrenoceptor

blockers and calcium antagonists on outcome
cannot be explained by their haemodynamic
profiles. Both /3 adrenoceptor blocking agents
and calcium channel blockers reduce coronary
perfusion pressure: in addition /3 blockers
increase peripheral resistance-which is an
unwanted effect.
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The lack of an effect on outcome of calcium
channel blockers-especially those of the
nifedipine type-is probably related to their
reflex activation of sympathetic activity, as
shown by the increase in plasma cate-
cholamines and heart rate.28
The idea that the cardioprotective effects of

,B adrenoceptor blockers are directly related to
their antiadrenergic properties is supported by
two clinical findings:
* Improvement of prognosis applies only to /B

adrenoceptor blockers without intrinsic
sympathetic activity.

* During the post-infarction period the car-
dioprotective effect of }6 adrenoceptor
blocking agents-that is, reduction of rein-
farction-is directly related to their reduc-
tion in heart rate-that is, their
antiadrenergic efficacy.29
Chronic cardioprotective interventions by

pharmacotherapy in patients with congestive
heart failure and coronary heart disease cannot
be exclusively explained by haemodynamic
effects. Outcome is improved by other phar-
macological effects, such as inhibition of the
sympatho-adrenergic system and of the renin-
angiontensin-system.
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